The aim of this paper is to develop a method of determining the heat transfer coefficient on the outer surface of the thermometer used to measure the temperature of a fluid flowing under high pressure. The method is based on the solution to the inverse heat conduction problem. The heat transfer coefficients are determined based on the measurement of the temperature of a cylindrical metal thermometer and the temperature of the wall of a cylindrical pipeline. The temperature sensor is located in the pipeline wall close to the inner surface. The correlations for the Nusselt numbers used to determine heat transfer coefficients on the outer surface of the thermometer and the inner surface of the pipeline contain unknown coefficients which are found using the least squares method. The unknown coefficients are selected so that the sum of the squares of differences between the fluid temperature determined based on the measurement of the temperature of the pipeline wall and the fluid temperature obtained from measurements inside the thermometer, calculated for several dozen set time points, is as small as possible.
Introduction
Transient flow temperature is one of the most difficult parameters to measure. The greatest difficulty makes insufficient knowledge of the dynamic properties of the thermometer with a complex structure.
Most studies on temperature measurements concentrate on steady-state measurements of the fluid temperature. Only a transient response of the thermometer to step-wise change in fluid temperature is considered to estimate the time constant of the thermometer. Since the thermometer time constant depends strongly on the heat transfer coefficient on the thermometer surface, measurement of the thermometer time constant is usually carried out by air and water. In the case of air, the heat transfer coefficient is much less than for water. The dynamic temperature measurement error is usually estimated to abrupt changes in temperature of the fluid.
It is very difficult to measure the transient temperature of steam or flue gases in thermal power stations. Massive housings and low heat transfer coefficients cause the measured temperature to differ significantly from the actual temperature of the fluid [1] [2] [3] [4] . Some particularly heavy thermometers have time constants of three minutes or longer, which require about 15 minutes for a single measurement. The problem of dynamic errors in temperature measurements of superheated steam becomes particularly important when superheated steam temperature control systems use injection coolers (spray attemperator). Due to the large inertia of the thermometer, the measurement of the transient temperature of the fluid can be inaccurate, adversely affecting the automatic control of the superheated steam system. A similar problem is encountered in flue gas temperature measurements because the thermometer time constant and time delay are large.
The paper presents a new method for the measurement of transient fluid temperature using a solid cylindrical thermometer and measuring the wall temperature of the pipeline. Identification of the heat transfer coefficient on the outer surface of the thermometer with a new structure is necessary to determine the transient fluid temperature accurately. Δr th , Δr w spatial step in the radial direction for the thermometer and the pipeline, m θ f fluid excess temperature, ºC
Nomenclature

Mathematical formulation of the problem
The transient temperature of the fluid will be determined based on the measured temperature in the cylinder (thermometer) axis and the measured temperature of the wall (Fig. 1) . The measurement point in the wall can be situated inside the wall or on the outer pipeline surface. (2) is an inverse heat conduction problem because for r = 0 the heat flux and temperature are known. The unknown parameter is the temperature of the outer surface of the thermometer.
The transient temperature distribution in the pipeline wall is found using the heat conduction equation:
and the following boundary conditions:
The heat flux on the pipeline outer surface is zero (4), since the perfect thermal insulation is assumed. The wall temperature is measured at point r = r w,m , located inside the wall or at the outer surface of the pipeline. Assuming that the heat transfer coefficient on the thermometer outer surface h th is known, the fluid temperature T f,th (t) can be determined from the boundary condition on the thermometer outer surface: 
The fluid temperature T f,w can be determined in a similar way from the boundary condition on the pipeline inner surface, assuming that the heat transfer coefficient h w is known. From the boundary condition the fluid temperature T f,w is found:
The fluid temperatures T f,th and T f,w determined from Eqs (5) and (6) should be equal. Due to uncertainty in the calculated heat transfer coefficients h th and h w the temperatures may differ from each other. The heat transfer coefficients h th (t) on the thermometer outer surface and h w (t) on the pipeline inner surface are determined from correlations known in reference literature. These are usually correlations found for a hydrodynamically and thermally developed flow under steady-state conditions. Real pipelines, however, have bends, valves, diffusers or confusors, all of which may affect the velocity and temperature distributions in the fluid flow. In consequence, the formulae known from reference literature cannot be used to determine the heat transfer coefficients directly.
To determine the fluid temperature, specific forms of the correlations of the Nusselt numbers are assumed for the thermometer and the pipeline. The coefficients x 1 ,..., x m1 appear in the correlation for the heat transfer coefficient on the thermometer surface, while the coefficients x m1+1 ,..., x m are introduced to the correlation for the heat transfer coefficient on the inner surface of the pipeline. All these coefficients are found using the least squares method
in such a manner that sum S reaches the minimum. The vector of the unknown coefficients to be found x = (x 1 , x 2 ,...,x m1 , x m1+1 ,..., x m ) T contains the coefficients included in the correlation for the Nusselt number both the thermometer and the pipeline. The number of the unknown coefficients m must be smaller than the number of time points n. The number of time points t i, , i = 1,..., n at which the fluid temperatures T f,th and T f,w are determined should be large enough to eliminate the impact of random measuring errors in measured temperatures. For the cylinder (thermometer) placed transversely to the fluid flow, the correlations proposed by Churchill and Bernstein [5] , valid for Re th Pr > 0.2, are used. Depending on the Reynolds number, the correlations have the following form: 
Nu
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where 0.7 ≤ Pr ≤ 160 and Re p > 10 000. The ratio of the pipeline inner diameter to the pipeline length 2r in /L should be greater than 10. The power the Prandtl number is: n = 0.4 for fluid heating and n = 3 for cooling. Thermophysical properties are determined at the average fluid temperature. In the original Dittus-Boelter formula, the value of x 2 is assumed as 0.023.
Determination of the transient temperature distribution in the thermometer and the pipeline wall
The inverse problems (1)- (2) for the thermometer and (3)- (4) for the pipeline are solved using the space marching method [6] . The division of the thermometer and the pipeline wall into finite volumes is illustrated in Fig. 2a and 2b , respectively.
Marching in space starts at the point of the temperature measurement, i.e. from the centre of the cylinder in the case of the thermometer and from the outer surface or interior sensor location in the case of the pipeline. Subsequent temperatures in the nodes located on the thermometer radius are calculated using the following formulae obtained from the heat balance equations: 
The fluid temperature is found from the energy balance equation for the node 4: The temperature at node 3 is determined from the energy balance equation for node 4. Next, the temperature at node 2 and node 1 are found subsequently. As a result, the following expressions describing time-dependent changes of temperature at all nodes are obtained: Better results were obtained for the time step of 2 s. The calculated coefficients are: x 1 = 0.6195 and x 2 = 0.02278. These values are very close to constants x 1 = 0.62 and x 2 = 0.023 appearing in the Churchill and Bernstein correlation (8)-(10) and in the Dittus-Boelter correlation (11) which were used to generate "measurement data". For the time step of 1 s, the estimated coefficient are: x 1 = 0.6089 and x 2 = 0.02286. The bigger error in the determination of x 1 is caused by the smaller time step of temperature measurements. In order to determine correct values of constants x 1 and x 2 at the same time, the point of the wall temperature measurement should be located at a smaller distance from the pipeline inner surface, so that the damping and delay of the input signal (i.e. the fluid temperature) should not be too big.
Conclusions
The method presented in this paper can be used to determine the transient temperature of the fluid. The fluid temperature can be found with high accuracy owing to the use of a cylindrical thermometer with a temperature sensor placed on its axis. Using time-dependent changes in temperature measured inside the thermometer and in the pipeline wall as input signals allows determining the fluid temperature. The use of space marching method enables a quick solution to the inverse problem of heat conduction. The results of the test calculations indicate that to identify the fluid temperature correctly, the radius of the outer thermometer surface should be of the same order as the distance between the point of the wall temperature measurement and the pipeline inner surface.
